ABSTRACT The distribution of sites that can be methylated was analyzed in the Chinese hamster adenine phosphoribosyltransferase (aprt) gene and the patterns of methylation of this gene and the mouse dihydrofolate reductase (dhfr) gene were studied by using CpG restriction enzymes. Both genes were found to be unmethylated completely at their 5'-end region and methylated heavily throughout the rest of the gene. Because the hamster aprt gene can be inhibited by DNA methylation in vivo, the results suggest that 5' undermethylation of this gene may be a necessary condition for its expression. The pattern of methylation of each of these two genes was similar in sperm and all other somatic tissue DNAs. This is in contrast to many tissue-specific genes that were found to be highly methylated in sperm DNA and undermethylated in the tissue in which they are expressed. This result is consistent with the fact that both aprt and dhfr are key enzymes in the biosynthesis of nucleotides and therefore expected to be synthesized in all cells.
It has been suggested that DNA methylation may play a role in the control of gene expression in eukaryotic organisms (1, 2) . In support of this hypothesis an analysis of several specific genes has revealed a reproducible correlation between the degree of undermethylation of these genes and their level of expression (3) . In addition, in any particular animal tissue, the expressed genes are considerably undermethylated in comparison to total DNA (4) . These studies suggest, but do not prove, that specific methylation and demethylation may provide the critical signals directing gene regulation.
Several experiments indicate that DNA methylation directly inhibits the expression of specific genes. 5-Azacytidine, a substance which causes DNA demethylation, has been shown to induce the expression of certain genes but not others (5, 6) .
Furthermore, transcription of the E2, gene from adenovirus and several simian virus 40 late functions were inhibited by in vitro methylation when tested in the frog oocyte transcription system (7, 8) . This effect of DNA modification also operates in vivo because the in vitro methylated hamster adenine phosphoribosyltransferase (aprt) gene was found to be inactive after DNA mediated gene cotransfer to mouse Ltk-aprt-cells (9) . Because these experiments were performed by using the hamster aprt gene methylated exclusively at all C-C-G-G sites, it is not possible to deduce which methylatable sites are important in controlling gene activity.
In this paper we have analyzed the in vivo pattern of methylation of hamster aprt. Because the expression of this gene is influenced by DNA methylation and, on the other hand, is presumably active in every animal cell, this methylation map provides important information about the site specificity of DNA modification. Our results show that the expression of this gene is probably dependent on the undermethylation of its 5' region. This conclusion is supported by the results of a similar but less rigorous analysis of the pattern of methylation of the mouse dihydrofolate reductase (dhfr) gene. This gene also is totally unmethylated in the 5' region in all cells of the mouse, including sperm.
MATERIALS AND METHODS The plasmid pHaprt (10) was propagated and purified as described (11) . Restriction fragments were isolated from agarose gels by using glass beads (12) and were used for nick-translation. Sperm was isolated from the epididymis (13) and lysed by incubation with 2% NaDodSO4 and 500 ,ug of proteinase K per ml at 50'C for 3 hr (14) and the DNA was purified as described (15) . DNA blot analysis was carried out as reported (9) . The percentage of methylation of specific sites was determined mathematically after scanning the autoradiograms (16) .
RESULTS
The hamster gene has been isolated and mapped partially by using restriction enzymes (10) . To (Fig. 2, lanes 6 and 16) . However, these sites were methylated totally in sperm DNA. A similar phenomenon was observed for Hha I sites (Fig. 2) methylated. At these sites identical levels of methylation were observed in all tissues and in sperm DNA. Sites marked + were >90% methylated in all tissues and in sperm. Sites marked ± were at least 90% methylated in the sperm DNA and between 70% and 80% methylated in various tissues in a partially specific manner (see Fig. 2 ). The locations of these sites were determined by partial sequence analysis data (I. Lowy Biochemistry: Stein et al. M4 . In the case of Hpa II this band would be generated in the event that the M4 site was partially unmethylated. The appearance of this same band after digestion with Msp I suggests that the M3 C-C-G-G site may be methylated at its external cytosine as well as at the internal cytosine, because Msp I has been shown to be sensitive to this type of methylation (17) . To demonstrate that this 1.6-kb band indeed corresponds to the M2/M4 cleavage product, DNA was double-digested with Pst I/Msp I. As shown in Fig. 2 , the 1.6-kb fragment was cleaved by Pst I to yield the expected fragments. This experiment indicates that a portion of the DNA was not cleavable by Msp I at site M3. The pattern of methylation of aprt is strikingly well defined in that the entire 5' end of the gene was totally unmethylated. Therefore, it was of interest to determine whether this is a general property of constitutive genes similar in function and distribution to aprt. The dhfr gene provides a function vital to cell replication and is probably also expressed constitutively in all animal cell tissues. This gene is not particularly amenable to a careful mapping of the methylation pattern, because it is a large gene with many intervening sequences that have not been isolated and characterized with precision. However, with the use of a cDNA cloned probe a large stretch of this gene can be visualized by blot-hybridization analysis. In particular, digestion of the DNA with the enzymes EcoRI or BamHI divides the entire gene into four distinct regions representing the 5' and 3' ends as well as the central part of the gene (Fig. 4) (18) . All of these regions contain many C-C-G-G restriction sites, as shown by their cleavage with the restriction enzyme Msp I, but these sites are apparently totally methylated over most of the gene's domain. Only the 5'-end regions, as defined by the 3.5-kb EcoRI fragment or the 28-kb BamHI fragment, are relatively unmethylated at these sites (Fig. 4) . The division of this gene into a 5' unmethylated domain and a large 3' methylated region was strikingly apparent in these experiments. Although the extent of undermethylation at the 5' end could not be determined accurately, the 3' methylated region stretches for over 40 kb, as shown by the resistance of all of the downstream EcoRI and BamHI fragments to Hpa II digestion. This methylation probably was quite extensive, because another enzyme, Hha I, also did not cleave these large fragments.
DISCUSSION
The major objective of this project was to map the pattern of methylation of animal genes that are presumably expressed in every cell. Both hamster aprt and mouse dhfr show a striking distribution of methylated sites characterized by an unmethylated 5' region and a partially or fully methylated 3' region. This is particularly significant for aprt, in light of the fact that methylation of the entire gene has been shown to inhibit its expression in L cells (9) . Because the gene within the cell is methylated thoroughly throughout its 3' region and is expressed actively in all cells, one may conclude that methylation exerts its major effect on sites that can be modulated and are located at and around the 5' region of this gene.
Other observations are consistent with this finding. The active mouse collagen (19) and albumin (20) (27, 28) . It also has been suggested that de novo methylation accompanies the inactivation of the X chromosome that occurs at early stages of development (29) . The potential for de novo methylation in early embryogenesis also is demonstrated by the fact that murine leukemia virus sequences became methylated after injection of early embryo cells but not of more differentiated cells (30) . Although aprt undergoes minor variations in its methylation pattern during development, the overall picture is one of stability. Because both aprt and dhfr probably encode housekeeping functions constitutively expressed in all cell types, it makes sense that these genes may have an invariant pattern of methylation. In contrast to "tissuespecific genes," they would not be modulated during development. Thus, methyl variations during development may be restricted to a small portion of the expressed genome.
The fact that sites are partially methylated in certain tissues is not unique to aprt and has been observed for other gene sequences, both in tissues and in cells in culture (31) (32) (33) . This drift may reflect the presence of de novo methylation and demethylation events at some low level in every cell. Although >95% of animal cell methyl cytosines are located at CpG residues, there is some evidence that a limited number of CpC sites also may be methylated (21, 24) . Our data suggest that one Msp I site within aprt is partially methylated at the external cytosine. An alternate possibility is that this site undergoes a partial base substitution in this region, causing the loss of the Msp I restriction site. Conversion of the internal methylated cytosine to thymidine by specific deamination also could explain this phenomenon (34) .
